1. Introduction {#sec0005}
===============

The internal transcribed spacer (ITS) sequence of nuclear ribosomal DNA with bi-parental inheritance is currently used widely to determine the genetic diversity of land plants [@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050]. However, one limitation of species identification using the ITS sequence is that the method has limited resolution in identifying species, especially within closely related taxa [@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055]. For instance, the discriminating power of the four recommended DNA markers at the species level in *Alnus* (Betulaceae) was 10% (*rbc*L), 31.25% (*mat*K), 63.6% (*trn*H--*psb*A), and 76.9% (ITS) [@bib0015]. Among the four DNA regions (*rbc*L, *mat*K, *trn*H--*psb*A, and ITS), the ITS sequence has the most variable information, and appears to have limited power to discriminate closely related taxa in Juglandaceae [@bib0025]. *Hanabusaya* and *Adenophora* sect. *Remotiflorae* of the family Campanulaceae could not be resolved using ITS sequences [@bib0030]. As a result of insufficient morphological information and DNA markers, the development of scientific research has been severely hindered in fields such as taxonomy, ecology, and genetic resource evaluation. Development of new and more sensitive nuclear DNA markers for biodiversity detection is highly desirable [@bib0055], [@bib0060].

The ubiquitin--proteasome system, which plays a key role in degradation of proteins, is imperative for maintaining the cellular homeostasis in eukaryotic cells [@bib0065]. Three enzymes are required in the ubiquitination and targeting of proteins for degradation: ubiquitin activating enzyme E1, ubiquitin conjugating enzyme E2, and the highly conserved ubiquitin ligase E3. Ubiquitin ligases are key components of the ubiquitin--proteasome system. After a protein has been ubiquitinated, the substrate protein will be located to the proteasome (a cylindrical complex) to be degraded into smaller polypeptides or other molecules with biological activity for reutilization [@bib0065].

Ubiquitin plays a vital role not only in protein degradation but also in many cellular functions including DNA repair processes, cell cycle regulation, cell growth, immune system functionality, and hormone-mediated signaling in plants. In recent years, several types of the ubiquitin ligase E3, such as RING finger-containing E3s (RBR and TRIM families), cullin-containing E3 complexes, Ubox E3s and HECT E3s, were reported [@bib0070]. However, few reports are available concerning development of nuclear DNA markers from the genomic regions in relation to the ubiquitin--proteasome system.

In this study, we used plant material from Juglandaceae to develop a new nuclear DNA marker within the ubiquitin ligase gene (*UBE3*) region to discriminate the representative samples (species/variety/cultivars) of the genus *Juglans*. Our objectives were: (i) to test the applicability of the nuclear DNA marker from the *UBE3* gene region; and (ii) to evaluate the resolution ability of the nuclear DNA marker from the *UBE3* gene region. The results of this effort show that *UBE3* is sensitive for characterizing genetic diversity in the family Juglandaceae.

2. Materials and methods {#sec0010}
========================

2.1. Plant materials {#sec0015}
--------------------

Nine representative taxa of the genus *Juglans* and two outgroups (*Cyclocarya paliurus* and *Pterocarya stenoptera* in Juglandaceae) were used in this study ([Table 1](#tbl0005){ref-type="table"}). The eleven taxa were sampled from three places: the resources nursery (N 34°18′, E 111°30′) of Forestry Bureau of Luoning County, Henan Province, China; the Arboretum (N 25°08′, E 102°45′) of Forestry Academy of Yunnan Province, located at Heilongtan in the northern suburbs of Kunming City, Yunnan, China; and Beijing Botanical Garden (N 39°48′, 116°28′) under the Institute of Botany, Chinese Academy of Sciences, Beijing, China. All necessary permits for the collection of fresh leaves from the trees growing at each place were acquired prior to material collection. All collected material was verified by a taxonomic expert. Fresh leaves of each accession were collected in the spring and dried immediately using silica gel for future DNA extraction.Table 1Materials used in this study.No.TaxonRankSectionPlace of\
collection1*Juglans regia* 'Zha 343′Cultivar*Juglans*[\*](#tblfn0005){ref-type="table-fn"}2*Juglans sigillata*Species*Juglans*[\*\*](#tblfn0010){ref-type="table-fn"}3*Juglans sigillata* 'Lushui 1Hao'Cultivar*Juglans*[\*\*](#tblfn0010){ref-type="table-fn"}4*Juglans cathayensis*Variety*Cardiocaryon*[\*\*](#tblfn0010){ref-type="table-fn"}5*Juglans mandshurica*Species*Cardiocaryon*[\*\*](#tblfn0010){ref-type="table-fn"}6*Juglans hindsii*Species*Rhysocaryon*[\*](#tblfn0005){ref-type="table-fn"}7*Juglans major*Species*Rhysocaryon*[\*](#tblfn0005){ref-type="table-fn"}8*Juglans microcarpa*Species*Rhysocaryon*[\*](#tblfn0005){ref-type="table-fn"}9*Juglans nigra*Species*Rhysocaryon*[\*](#tblfn0005){ref-type="table-fn"}10*Pterocarya stenoptera*Species[\*\*\*](#tblfn0015){ref-type="table-fn"}11*Cyclocarya paliurus*Species[\*\*\*](#tblfn0015){ref-type="table-fn"}[^1][^2][^3]

2.2. DNA extraction, PCR amplification and sequencing {#sec0020}
-----------------------------------------------------

Total genomic DNA was extracted using the Plant Genomic DNA Kit (DP305) from Tiangen Biotech (Beijing) Co., Ltd. China. The nuclear DNA *UBE3* gene locus was amplified using the primer pair H\_*UBE3*\_23f (5′-TCGCCTCCAAGTTCAGTG-3′) and H\_*UBE*3_838r (5′-CTCCCATAGGTGTAGTTCCA-3′). *Taq* DNA polymerase and PCR buffer (TaKaRa Code: DR100B) were from TaKaRa Biotechnology Co., Ltd. (Dalian, China). The PCR protocol were as follows: preheating at 94 °C for 4 min, 34 cycles at 94 °C for 45 s, annealing at 52 °C for 45 s and elongation at 72 °C for 1.2 min, followed by a final extension at 72 °C for 10 min. PCR amplification of the regions of interest was performed in an Applied Biosystems VeritiTM 96-Well Thermal Cycler (Model\#: 9902, made in Singapore). The amplicons were resolved simultaneously on 2% agarose gels (Promega, the USA) run in 1 × TAE buffer at 3 V cm^−1^ for 2.5 h and were stained with ethidium bromide. The fragments (PCR products) were directly sequenced with the same primer pair mentioned above using a 3730xl DNA analyzer (Applied Biosystems, Foster City, CA, USA).

2.3. Data analysis {#sec0025}
------------------

The DNA sequences were aligned with ClustalX [@bib0075] and then were manually confirmed using Sequencher (v4.6) software. Sequence haplotype diversity was calculated using DnaSP (DNA Sequences Polymorphism version 5.10.01) software [@bib0080]. Sequence datasets were analyzed using Mega 6 software [@bib0085]. Tamura's 3-parameter model was found to be the best nucleotide substitution model for the *UBE3* sequences with Mega 6. The analysis on genetic relationship among the taxa was conducted in Mega 6 using neighbor-joining (NJ) method. Bootstrapping was done with 1000 replicates. All positions containing gaps and missing data were treated with pairwise deletion option. The sequences of the accessions were deposited in GenBank (GenBank accession numbers: [KF994007](ncbi-n:KF994007){#intr0005}-[KF994018](ncbi-n:KF994018){#intr0010}).

3. Results {#sec0030}
==========

3.1. Identification and confirmation of the DNA sequences {#sec0035}
---------------------------------------------------------

The nuclear DNA *UBE3* sequences (Fig. S1) obtained in this study were confirmed to be part of the coding region of the *UBE3* gene, as shown using BLAST to compare the sequence to that in the GenBank database. Additional comparisons were made using the E3 ubiquitin-protein ligase sequences of *Prunus mume* (GenBank accession no. [XM_003607148.1](ncbi-n:XM_003607148.1){#intr0015}) and several other plant species (GenBank accession no. [XM_007199611.1](ncbi-n:XM_007199611.1){#intr0020}, [XM_003537761.2](ncbi-n:XM_003537761.2){#intr0025}, [XM_004505735.1](ncbi-n:XM_004505735.1){#intr0030}, and [XM_003607148.1](ncbi-n:XM_003607148.1){#intr0035}). At least three independent samples from each species or cultivar have been sequenced, identical results were obtained. Therefore, only one sample data was used to represent each taxon.

3.2. Genetic variation of the *UBE3* region among the taxa {#sec0040}
----------------------------------------------------------

According to the *UBE3* sequence dataset, eight variable base sites were detected at inter- and intra-specific levels. These variable sites were found at nucleotide positions 46, 125, 205, 227, 459, 562, 595 and 663, and represent 40% of the total variable sites detected. The closely related taxa within each section are successfully discriminated ([Table 2](#tbl0010){ref-type="table"}; Fig. S1).Table 2The twenty variable base sites detected in the nuclear DNA ubiquitin ligase E3 gene (*UBE3*) region among the nine taxa in *Juglans* L.![](fx1.gif)

The remaining 12 variable sites that were unique at the section level comprise 60% of the total ([Table 2](#tbl0010){ref-type="table"}; Fig. S1). They can be classified into three categories: (i) two variable sites unique to *Juglans* sect. *Juglans*, No. 42 and 397 (10% of the total); (ii) seven variable sites unique to *J.* sect. *Cardiocaryon*, No. 85, 266, 324, 363, 546, 622 and 694 (35% of the total); and (iii) two variable sites unique to *J.* sect. *Rhysocaryon*, No. 322 and 522 (10% of the total) ([Table 2](#tbl0010){ref-type="table"}; Fig. S1).

Genetic differentiation was about 55--65% of the total between *J.* sect. *Juglans* and sect. *Cardiocaryon*, 30--45% of the total between *J.* sect. *Juglans* and *J.* sect. *Rhysocaryon*, 55--70% of the total between *J.* sect. *Cardiocaryon* and *J.* sect. *Rhysocaryon* (Table S2; Fig. S1). The genetic variation was 5% of the total either within *J.* sect. *Juglans* or *J.* sect. *Cardiocaryon*, but ranged from 5--70% of the total within *J.* sect. *Rhysocaryon* (Table S2; Fig. S1).

3.3. Genetic relationship revealed by the UBE3 sequence {#sec0045}
-------------------------------------------------------

Neighbor-joining (NJ), maximum likelihood (ML) and maximum parsimony (MP) algorithms were tried. However, the NJ method showed the best resolution, and significant differences existed between the methods. Thus, only NJ trees are presented. Twenty variable sites were detected according to the aligned *UBE3* sequences ([Table 2](#tbl0010){ref-type="table"}; Table S1; Fig. S1). Using NJ analysis and *UBE3* sequences, all nine taxa (species/variety/cultivars) within the three sections were uniquely identified, and the outgroups were placed at reasonable positions outside the genus *Juglans*. Bootstrap support values were more than 50% at each clade ([Fig. 1](#fig0005){ref-type="fig"}). This topology was identical to the classification based on their morphology and habits [@bib0050], [@bib0090], [@bib0095], [@bib0100], [@bib0105], [@bib0110], [@bib0115]. Pairwise distances are shown in Table S3.Fig. 1The neighbor-joining (NJ) tree generated based on the *UBE3* gene sequences showing a success in discrimination at species, variety and cultivar levels. Numbers above the branches are bootstrap support values (%) for each clade with 1000 replicates.

3.4. Construction of molecular taxonomic key based on nucleotide molecular formulae {#sec0050}
-----------------------------------------------------------------------------------

The *UBE3* sequence dataset was employed for construction of the nucleotide molecular formulae (NMF). The 724 bp aligned sequence corresponds to the DNA tract from bases 15 to 738 of the entire sequence of the *UBE3* fragment from the 5′ end and includes all the variable sites of this region ([Table 2](#tbl0010){ref-type="table"}; Fig. S1). The position number of each variable site used in the formula was determined according to the newly generated 724 bp-length sequence alignment. The ten polymorphic base sites used in the NMF of the taxa for the genus *Juglans* are No. 42, 85, 125, 205, 227, 322, 457, 459, 595 and 663 ([Table 2](#tbl0010){ref-type="table"}; Fig. S1). For instance, "Nuclear_DNA\_*UBE3*\_cds" was used to refer to the coding region of the nuclear *UBE3* gene employed in the NMF and "aln_724 bp" refers to the aligned sequence length (724 bp) of the nine representative species/variety/cultivars in *Juglans* L. As a result, "Nuclear_DNA\_*UBE3*\_cds_aln_724bp\_ ~![](fx2.gif)~" can be constructed as an NMF for molecularly characterizing the cultivar *Juglans regia* 'Zha 343', with the figure following the nucleotide character indicating the position of the corresponding polymorphic base site from the 5′ end of the aligned sequence [@bib0120]. The NMF can be constructed in a similar way for the rest of the samples of the genus *Juglans* and the outgroups. "Nuclear DNA\_*UBE3*\_cds_aln_724bp\_" is omitted to save space in the description below. "Type ![](fx3.gif)", for example, in the following taxonomic key, refers to the taxon/taxa with ![](fx4.gif)--typed base mutation, i.e., nucleotide A can be detected at base position 42 from the 5′ end in the *UBE3* region. Other types of base mutation are indicated in the same way.

As shown in [Fig. 2](#fig0010){ref-type="fig"}, a novel taxonomic key based on nucleotide molecular formulae is constructed by which the molecular feature of each taxon is given.Fig. 2Molecular taxonomic key compiled based on nucleotide molecular formulae derived from the *UBE3* sequence.

4. Discussion {#sec0055}
=============

Plants of *Juglans* sect. *Cardiocaryon* are precious tree species for high quality wood production. *J. mandshurica* and *J. cathayensis* are closely related taxa in *Juglans* sect. *Cardiocaryon*. *J. mandshurica* is mostly distributed in provinces of North and Northeast China, where the climate is colder. *J. cathayensis* is mainly distributed in warmer provinces of South and Southwest China [@bib0095], [@bib0100], [@bib0115]. The four black walnut species of *Juglans* sect. *Rhysocaryon* are closely related with each other, with some presence in North America as well [@bib0090], [@bib0095], [@bib0100], [@bib0105], [@bib0110], [@bib0115].

Members of *Juglans* sect. *Juglans* are economically important tree species for edible walnut production. The distribution of *Juglans sigillata* and *J. sigillata* 'Lushui 1Hao' is limited to Southwest China (mainly Yunnan Province) [@bib0095], [@bib0100], [@bib0115]. *J. sigillata* 'Lushui 1 Hao' is a traditional local cultivar with an annual nut production of more than 1.0 × 10^8^ kg. In contrast, the annual nut production of *J. sigillata* is around 4.0 × 10^8^ kg. They are the major walnut trees cultivated in Yunnan Province, China. *J. sigillata* 'Lushui 1Hao' prefers a warmer climate with higher humidity for normal growth compared to *J. sigillata*. Fruit maturation time of *J. sigillata* 'Lushui 1Hao' is about 15 days earlier than that of *J. sigillata*. There is almost no difference in floral morphology between them. *J. sigillata* 'Lushui 1Hao' possesses 9--11 leaflets in the odd-pinnate leaf without obvious degradation of the terminal leaflet, whereas *J. sigillata* has 9--13 leaflets in its odd-pinnate leaf whose terminal leaflet degraded significantly [@bib0095], [@bib0100], [@bib0115].

Nearly 2.0 × 10^9^ kg of the annual walnut production in China is provided by *J. regia*. In fact, *J. regia* 'Zha 343' is a major walnut cultivar in Xinjiang Uygur Autonomous Region, China. In the Yunnan Province, the growth of *J. regia* gradually becomes weaker after planting because the local climate averages lower temperature and higher humidity than what is required by the species. Thus, in China, *J. regia* is mainly cultivated in the walnut distribution area outside the Southwest, although plants of *J. regia* can be seen in Yunnan Province.

Generally, the greater the number of informative base sites available, the higher discrimination efficiency should be achieved during genetic diversity detection. One of the important tasks in DNA marker development is to seek DNA regions with a large number of variable base sites [@bib0095], [@bib0100], [@bib0115]. However, when compared to researches on genetic variations at the family, genus, or section level, development of nuclear DNA marker covering lower taxa is time consuming and expensive [@bib0095], [@bib0100], [@bib0115].

The key to increasing the discrimination ability of a locus is commonly to obtain more variable sites that contribute genetic variations at inter- and intra-specific levels. Here, the three taxa of *Juglans* sect. *Juglans* were chosen to represent the genetic variation between closely related species (*J. sigillata* and *J. regia*) and between cultivars (*J. sigillata* 'Lushui 1Hao' and *J. regia* 'Zha 343') and to test the ability of the variable genomic region to correctly discriminate between them.

Only half (10 sites) of the variable sites from the *UBE3* region were needed to uniquely identify all the nine taxa of *Juglans* ([Table 2](#tbl0010){ref-type="table"}, Fig. S1), showing a high efficacy in revealing genetic diversity of walnut resources. Our results suggest that the *UBE3* sequence is good and useful in both discrimination ability and revealing genetic relationship ([Fig. 1](#fig0005){ref-type="fig"}). Interestingly, our results suggested that the discrimination ability does not directly correlate with the number of variable sites or informative sites.

The *UBE3* DNA marker discovered in this study is easy to amplify and sequence. Additionally, insertion and deletions are rare in this locus because it is a coding region. In this study, *Juglans* sect. *Juglans* was determined to be basal, while *Juglans* sect. *Rhysocaryon* was a more advanced section of the genus *Juglans*, based on the *UBE3* sequence data ([Fig. 1](#fig0005){ref-type="fig"}). These results are identical to those acquired by the classification based on morphology and previous studies [@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0095], [@bib0100], [@bib0110], [@bib0115].

The length of the *UBE3* gene related DNA region is at least 5905 bp in *Prunus persica* (GenBank accession no. [XM_007199611.1](ncbi-n:XM_007199611.1){#intr0040}), 5955 bp in *Medicago truncatula* (GenBank accession no. [XM_003607148.1](ncbi-n:XM_003607148.1){#intr0045}), 6473 bp in *Glycine max* (GenBank accession no. [XM_003537761.2](ncbi-n:XM_003537761.2){#intr0050}), 6488 bp in *Prunus mume* (GenBank accession no. [XM_008237787.1](ncbi-n:XM_008237787.1){#intr0055}), and 6622 bp in *Cicer arietinum* (GenBank accession no. [XM_004505735.1](ncbi-n:XM_004505735.1){#intr0060}). The *UBE3* gene related DNA sequence data of plant species is growing rapidly in GenBank. There is a great potential for developing more DNA markers with high sensitivity from the *UBE3* gene related DNA region for the global detection of genetic diversity in walnut resources.

The identification method using nucleotide molecular formulae, as used here, is simple for widespread use. Because the ubiquitin--proteasome system and its associated DNA regions are present in all eukaryotes, these findings represent a good complementary source for development of nuclear DNA markers for genetic diversity detection, covering both inter-specific and intra-specific levels, and will promote evaluation, conservation, and utilization of plant resources and other organisms.
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